Magnetic ordering and structural distortion in Ru doped BaFe 2 As 2 single crystals studied by 

Neutron and X-ray diffraction 
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We present a systematic investigation of the antiferromagnetic ordering and structural distortion for the series 
of Ba(Fei-_ a; Ru a ;)2As2 compounds (0 < x < 0.246). Neutron and x-ray diffraction measurements demonstrate 
that, unlike for the electron-doped compounds, the structural and magnetic transitions remain coincident in tem- 
perature. Both the magnetic and structural transitions are gradually suppressed with increased Ru concentration 
and coexist with superconductivity. For samples that are superconducting, we find strong competition between 
superconductivity, the antiferromagnetic ordering, and the structural distortion. 

PACS numbers: 74.70.Xa, 75.25.-j, 74.25.Dw 



I. INTRODUCTION 

After the discovery of FeAs based superconductors^ 
extensive studies using neutron and x-ray scattering tech- 
niques have revealed strong and unusual interconnections be- 
tween structure, magnetism, and superconductivity. In the 
undoped parent compounds of the AEF^A-S? (AE = Ba, 
Sr, Ca) family, the tetragonal-to-orthorhombic transition and 
the paramagnetic-to-antiferromagnetic transition occur at the 
same temperature, implying a strong coupling between struc- 
ture and magnetism. 3 6 Upon hole-doping with K on the Ba 
site or electron-doping with transition metals (e.g. Co, Ni, 
Rh, Pt, Pd) on the Fe site, the structural transition temperature 
(Ts) and the antiferromagnetic (AFM) transition temperature 
(Tjv) are suppressed to lower temperatures. 2-7-18 The struc- 
tural and AFM transitions split with Ts > Tjv in transition- 
metal doped BaFe2As2 j 10 ' n i 13 ^ whereas the transitions re- 
main coincident in K doped BaFe2As2. 2,7,8 When both the 
structural and magnetic transitions are suppressed to suffi- 
ciently low temperatures, independent of the coincidence of 
Ts and Tjv, superconductivity emerges and coexists with an- 
tiferromagnetism for some doping levels^— Moreover, in 
Co-, Rh-, and Ni-doped BaFe2As2, several neutron measure- 
ments manifest a distinctive suppression of the magnetic order 
parameter in the superconducting regime, which clearly indi- 
cates competition between AFM and superconductivity^— 
Additionally, high-resolution x-ray diffraction measurements 
on Co- and Rh-doped BaFe2As2 have revealed the suppres- 
sion of orthorhombic distortion below T c illustrating an un- 
usual magnetoelastic coupling in the form of emergent ne- 
matic order in the iron arsenidesji^i^i 2 ! 

In stark contrast to the doping studies mentioned above, 
hole-doping through the substitution of Cr 22 ~- or Mn 2 ^— 
on the Fe site results in very different behavior. Neither 
Ba(Fei_ 2; Cr :I ;)2As2 nor Ba(Fei_ :E Mn 2 ;)2As2 are supercon- 
ducting at ambient pressure for any x and the suppression of 
the AFM order with increasing x is more gradual than for the 
electron-doped series. Furthermore, for Ba(Fei_. E Cr. I ;)2As2 
the structural and magnetic transitions remain locked together 
up to x » 0.30 where the stripe-like AFM structure is re- 



placed by G-type AFM order as found for BaMn2As2r^ and 
proposed for BaCi"2As2. 29 For Ba(Fei_ I Mn a; )2As2, the struc- 
tural and AFM transitions remain locked together until x > 
0.102, where the orthorhombic distortion abruptly vanishes. 27 
We have previously proposed that, in the absence of the or- 
thorhombic distortion, the AFM structure may be described 
by a two-Q ordering. 27 

Whereas all of the studies above describe measurements 
performed on either electron-doped or hole-doped materials, 
it is also important to consider the response of these systems 
to isoelectronic doping. For example, superconductivity is 
observed with a maximum T c ~ 30 K by the isoelectronic 
doping of P at the As site in BaFe2As2. 30 Furthermore, Klint- 
berg et al? 1 have discussed the equivalence of chemical and 
physical pressure in BaFe2(Asi_. r P. c )2 by showing that the 
temperature-pressure phase diagrams are similar, but shifted 
for different x. Nevertheless, the maximum superconducting 
transition temperatures are identical. It is believed that super- 
conductivity in this compound originates from steric effects 
arising from the smaller ionic radius of P. Only small mod- 
ifications of the Fermi surface were observed. 32 Supercon- 
ductivity has also been reported in Sr(Fei_ :E Ru 2 ;)2As2 com- 
pounds with T c up to 20 K, but at much higher doping lev- 
els than required for the electron-doped series (e.g. Co, Ni, 
jjj 1 ) j 33 i 34 substitution on the Fe site in Ba(Fei_a;Ru x )2As2 
was recently reported to exhibit properties similar to the 
electron-doped BaFe2As2 series but, again, at higher doping 
compositions^— The structural and AFM transition temper- 
atures are suppressed with increasing x and superconductivity 
occurs at x « 0.16. 

Thaler et al? 1 have made an interesting comparison be- 
tween the phase diagrams of Ru-doped BaFe2As2 and the 
parent BaFe2As2 compound under pressure. Although the 
unit cell volume increases with Ru doping, they found a strik- 
ing similarity between the phase diagrams for Ru doping and 
physical pressure when scaled by the lattice parameter da ra- 
tio. Only a single feature corresponding to a magnetic, struc- 
tural, or joint magnetic/structural transition has been observed 
in resistance and magnetization data for Ba(Fei_a;Ru x )2As2 
(x < 0.37), similar to what has been found for the nonsuper- 
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conducting hole-doped series, but quite different from the be- 
havior of electron doped BaFe 2 As 2 . Interestingly, we note 
that in the case of P doping on the As site, a splitting between 
the structural and magnetic transitions was noted in resistance 
measurements, that increases with P concentration. 3? . It is, 
therefore, particularly important to clarify the microscopic na- 
ture of the magnetic and/or structural transitions for the case 
of isoelectronic doping on the Fe site in Ba(Fei_. E Ru ;r )2As2, 
as well as the interaction between magnetism, structure and 
superconductivity in this series. 

Here we report on magnetic neutron diffraction and high- 
resolution x-ray diffraction measurements on the series of 
Ba(Fei_ a; Ru ;Z :)2As2 compounds (0 < x < 0.246) which 
demonstrate that, unlike the electron-doped compounds, the 
structural and magnetic transitions remain coincident in tem- 
perature. Similar to the electron-doped samples, however, 
we find strong competition between superconductivity, the 
AFM ordering and the structural distortion. The transi- 
tion temperatures, magnitudes of the ordered magnetic mo- 
ment, and the magnitude of the orthorhombic distortions in 
Ba(Fei_ a; Ru :r )2As2 are compared with previous reports on 
BaOFei-^CoJaAsa and Ba(Fei_ a ,Mn x ) 2 As 2 . 19 i 27 ' 40 



II. EXPERIMENT 
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Single crystals of Ba(Fei_ x Ru I )2As2 were grown out of 
a FeAs self-flux using conventional high temperature solution 
growth technique described in Refl37l The compositions were 
measured at between 10 and 20 positions on samples from 
each growth batch using wavelength dispersive spectroscopy 
(WDS). The combined statistical and systematic error on the 
Ru composition is not greater than 5% (e.g. 0. 126±0.003, see 
RefH3). Magnetization and temperature-dependent AC elec- 
trical resistance data (/ = 16 Hz, 1 = 3 mA) were collected in 
a Quantum Design Magnetic Properties Measurement System 
using a Linear Research LR700 resistance bridge for the latter. 
Electrical contact was made to the sample using Epotek H20E 
silver epoxy to attach Pt wires in a four-probe configuration. 

Neutron diffraction measurements were performed on the 
HB1A diffractometer at the High Flux Isotope Reactor at 
Oak Ridge National Laboratory using samples with a typical 
mass of approximately 25 mg. The beam collimators before 
the monochromator-between the monochromator and sample- 
between the sample and analyzer-between the analyzer and 
detector were 48'-40'-40'-136'. HB1A operates at a fixed in- 
cident neutron energy of 14.7 meV, and two pyrolytic graphite 
filters were employed to effectively eliminate higher harmon- 
ics in the incident beam. The samples were aligned such that 
the (HHL) reciprocal lattice plane was coincident with the 
scattering plane of the spectrometer, and were mounted in a 
closed-cycle refrigerator. The temperature dependence of the 
scattering was studied at several nuclear Bragg peak positions 
and at Qafm = (5 5 L=odd) positions corresponding to the 
AFM order in the parent and electron-doped BaFe 2 As 2 com- 
pounds. 

The high-resolution, single-crystal x-ray diffraction mea- 
surements were performed on a four-circle diffractometer us- 



FIG. 1: (Color online) Temperature evolution of (a) the neutron 
diffraction rocking scans through the (| i 3) magnetic Bragg peak 
and (b) high-resolution x-ray diffraction [££0]-scans through the (1 
1 10) Bragg peak in Ba(Feo.92rRuo.o73)2As2. For this sample Ts = 
Tjv = 109±1 K. The data are shown with arbitrary offsets. 



ing Cu Ka\ radiation from a rotating anode x-ray source, 
selected by a germanium (111) monochromator. For the 
temperature-dependence measurements, in addition to the 
parent BaFe 2 As2, we employed the same single crystals of 
Ba(Fei_ x Ru a ;)2As2 (x = 0.073 and 0.205) studied in our neu- 
tron measurements. The samples were attached to a fiat cop- 
per sample holder on the cold finger of a closed-cycle dis- 
plex refrigerator. The sample mosaicities were less than 0.02° 
full-width-at-half-maximum (FWHM) as measured by rock- 
ing scans through the (1 1 10) reflection at room temperature. 
The diffraction data were obtained as a function of tempera- 
ture between room temperature and 6 K, the base temperature 
of the refrigerator. 



III. RESULTS 

Figures Q] (a) and (b) show neutron and x-ray data at se- 
lected temperatures for Ba(Fei_ x Ru 2: )2As2 with x = 0.073. 
Above Ts = Tjv = 109±1 K, no scattering is observed at Qafm 
= (§ 3 3), but as the temperature is lowered below Tjv, the 
scattering increases smoothly. The magnetic wave vector is 
identical to that for BaFe2As2 compounds indicating that the 
magnetic structure is the same AFM stripe-like structure ob- 
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FIG. 2: (Color online) Plots of magnetization (Mf) and its temperature derivative, 



the resistance ratio ( 



R 



K300 K 



) and its temperature 



derivative, the measured orthorhombic distortion (5 = ^15), and the integrated magnetic intensity at (| | 3) for Ba(Feo.927Ruo.o73)2As2 in 
panels (a)-(d) and Ba(Fe .7g5Ruo. 2 o5)2As2 in panels (e)-(h). For x = 0.073 the measured magnetization, resistance and their derivatives show 
sharp signatures at Ts = Tn = 107 K, close to the value (109±1 K) measured by the x-ray and neutron scattering measurements. For x = 
0.205, the signatures at T$ = Tjv are significantly broader. The maxima of the derivatives of the magnetization and resistance are found at 49 
K whereas the x-ray and neutron scattering value is 52±1 K. 



served for all AFM ordered A£Fe2As2 compounds (AE = Ba, 
Sr, Ca), with AFM alignment of the moments along the or- 
thorhombic a and c axes and FM alignment along the b axis. 
Analysis of the intensity ratios of different AFM reflections 
at selected temperatures confirmed that the moment direction 
is along the elongated orthorhombic a direction. From our 
high-resolution x-ray measurements we see [Fig. [T|(b)] that 
the (1 1 10) Bragg peak exhibits a sharp single peak above Ts 
= Tjv = 109±1 K consistent with a tetragonal structure and 
splits into two peaks below Ts, characteristic of the expected 
tetragonal-to-orthorhombic transition. 

Figures [2] (a) and (b) summarize the magnetization and 
resistance measurements on Ba(Fei_ x Ru. r )2As2 with x = 
0.073. A sharp feature attributed to T$ITm is observed at 
107 K in the derivatives of magnetization and resistance. In 
Fig. 12(c) and (d), the orthorhombic distortion, 8 = and 
the integrated magnetic scattering intensity, measured from 
rocking scans through Qafm = {\ h 3), are plotted as a func- 



tion of temperature for x = 0.073. From these measurements 
we find that T5 = Tn = 109±1 K, in reasonable agreement 
with the thermodynamic and transport measurements given 
the inherent uncertainty in assigning transition temperatures 
to features in the magnetization and resistance. Figures [2] (e) 
and (f) summarize the magnetization and resistance measure- 
ments on Ba(Fei_ a; Ru a ;)2As2 with x = 0.205. Here, we see 
that the characteristic features are much broader. According 
to the criteria of Refl37l TglT^ is assigned to the maxima of 
the derivatives of magnetization and resistance, which is 49 
K. The x-ray and neutron data of Figs. [2] (g) and (h) display 
the orthorhombic distortion (5 and the magnetic integrated in- 
tensity at Qafm = (| 3 3) for x = 0.205 and yield T S = T N = 
52±1 K. The transition temperatures derived from the criteria 
ofRefH3 are up to 3 K lower than the observed transition tem- 
peratures derived from the x-ray and neutron diffraction mea- 
surements. Most importantly, however, we find that, within 
experimental error, the structural and magnetic transitions re- 
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FIG. 3: (Color online) (a) Temperature dependence of the ordered 
magnetic moment calculated from the integrated intensity of the (| 
| 3) magnetic Bragg peak from Ba(Fei_ I Ru x )2As2. (b) The ex- 
trapolated ordered moment at zero temperature as a function of Ru 
concentration, x. 
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FIG. 4: (Color online)(a) Comparison of the suppression of AFM 
order below T c between the 20.5% Ru (filled circles) and the 
4.7% Co (open triangles) 40 doped BaFe2As2 samples. Intensities 
are normalized for comparison, (b) Orthorhombic distortion for 
Ba(Fei_ I Ru a: )2As2 with x = 0.205 (circles) and 0.246 (stars). The 
reduction in the distortion below T c is not clearly observable for x = 
0.205 but it is evident for x = 0.246. The gray dashed lines are guides 
for eyes. 



main locked together with increasing Ru doping and this be- 
havior clearly differs from that found for the electron-doped 
compounds. 

Ba(Fe 1 _ a .Ru a; )2As2 crystals with x = 0, 0.048, 0.126, and 
0.161 were also examined by neutron diffraction and the re- 
sults for the entire series are summarized in Fig. [3] The mag- 
netic integrated intensities were, again, determined from rock- 
ing scans through the magnetic peak at \ 3) as a func- 
tion of temperature and put on an absolute basis using the 
known mass of the samples and the magnetic diffraction from 
the parent compound, BaFe2As2, measured under identical 
conditions. 40 The ordered moment as a function of tempera- 
ture for each sample is presented in Fig.|5Ja), and the ordered 
moments extrapolated to T — are shown in Fig. Ob). We 
see that as the Ru concentration increases, the ordered mo- 
ment decreases monotonically. 

Turning now to the effects of superconductivity on the AFM 
ordering and structural distortion, we first note that for the x = 
0.205 sample, the resistance and magnetization data show the 
existence of superconductivity below T c w 13 K in Figs.[2](e) 
and (f). For this sample, in Fig. 2 (h), we observe a suppres- 



sion of the AFM order below T c similar to what has been re- 
ported previously for Co-, Rh-, and Ni-doped BaFe2As2r^— 
where the presence of both AFM and superconductivity has 
been attributed to microscopically coexisting states that com- 
pete for the same itinerant electrons. It has also been es- 
tablished that the onset of superconductivity leads to a sup- 
pression of the orthorhombic distortion in the electron-doped 
compounds. Refsll9l and 1 171 for example, described this ef- 
fect below T c for both Co- and Rh-doped BaFe2As2, respec- 
tively. Because ^ for Ba(Feo.795Ruo.205)2As2 is approxi- 
mately half the value of for Ba(Feo.953Coo.o47)2As2, the 
magnitude of suppression of AFM order at the base temper- 
ature of our measurement is correspondingly smaller [Fig. [4] 
(a)], and the reduction of the orthorhombic distortion is not 
clearly observed [Figs. [2] (g) and SJb)]. Therefore, we have 
also studied an additional concentration, x = 0.246±0.005 (T c 
R3 14 K), by high-resolution x-ray diffraction and, as shown in 
Fig. |4](b), see the suppression of the orthorhombic distortion 
below T c . 
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IV. DISCUSSION AND SUMMARY 

Together with our previous investigations of 
Ba(Fe 1 _ :c Co :i; )2As2 and Ba(Fe 1 _. E Mn. E )2As2, we now 
have a more complete picture of the effects of electron, hole 
and isoelectronic doping on the Fe site in the BaFe2As2 
compound. The compositional phase diagrams for all 
three doping series are shown in Fig. [5] Summarizing the 
trends illustrated in Fig. [5] (a) we see that for the Co-doped 
series, at low doping, the magnetic and structural transitions 
split with increasing Co concentration, superconductivity 
emerges over a finite compositional range and coexists 
with AFM order over an even more limited range of Co 
doping. The back-bending of the AFM and structural 
distortion phase lines in the superconducting region identify 
the reentrance of the paramagnetic and tetragonal phases 
at low temperature. Figs. [5] (a) and (b) display both the 
similarities and differences between Ba(Fei_ a; Co a ;)2As2 
and Ba(Fei_ a; Ru ;r )2As2. As found for Co substitution, Ru 
doping results in the suppression of the AFM and structural 
transitions and superconductivity emerges over a finite range 
of Ru concentration. The suppression of both the AFM order 
and orthorhombic distortion in the superconducting region 
suggests that reentrance of the paramagnetic tetragonal phase 
may also be found at some Ru doping concentration as well. 
However, for Ru doping the AFM and structural transitions 
remain locked together over an extended compositional range 
with respect to the phase diagram for Co doping. In Fig. [5] 
(c), we reproduce the compositional phase diagram for Mn 
doping, which is quite different from what is found for either 
Co or Ru substitution on the Fe site. Superconductivity is not 
in evidence at any Mn concentration and, while the AFM and 
structural transitions remain locked together with increasing 
Mn concentration, as found for Ba(Fei_ x Ru x )2As2, the 
structural distortion abruptly disappears for Mn doping in 
excess of x > 0.102 although the AFM Bragg peak character- 
istic of stripe-like ordering persists. The latter observation is 
quite puzzling since all models for stripe-like ordering in the 
iron arsenides anticipate an attendant orthorhombic distortion 
due to magnetoelastic effects. However, we have previously 
proposed that the scattering at Qafm = (j | L=odd) positions 
may also be explained by the presence of a two-Q magnetic 
structure that is again consistent with tetragonal symmetry. 27 

It is clear that the interactions associated with structural, 
magnetic and superconducting instabilities in the A£Fe2As2 
compounds are finely balanced and can be readily tuned 
through chemical substitution as well as pressure. For exam- 
ple, similarities between chemical doping and pressure were 
previously discussed for K doping on the Ba site. 41 For elec- 
tron doping on the Fe site, a rigid band picture appears to 
be applicable, at least to first order, in explaining the phe- 
nomenology of magnetism, structure and superconductivity. 
Doping with Mn, however, clearly introduces strong perturba- 
tions on both the electronic and chemical structure, likely as a 
consequence of the more localized nature of the Mn magnetic 
moment. Doping with Ru provides a new interesting case 
study where, nominally, no electrons or holes are added to the 
system although the first band-structure calculations indicated 
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FIG. 5: (Color online) Compositional phase diagrams for (a) 
Ba(Fei_ I Co a; )2As2 from Ref 19, (b) Ba(Fei_ a ;Ru I )2As2 from the 
present work and Ref[37l and (c) Ba(Fei_ a: Mn :E )2As2 from Refp27l 
The gray open triangles and open circles denote data taken from re- 
sistance and magnetization data respectively. The gray open squares 
denote bulk measurements of T c . Filled red triangles denote Ts mea- 
sured by x-ray diffraction, filled blue circles denote Tjv measured by 
neutron diffraction, and the filled orange squares represent values for 
Tc from the x-ray and neutron data. Filled magneta circels denote 
T* determined for the Mn doped sample by neutron measurements 
(see Refl27l). 
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that Ru substitution introduces additional electron carriers. 
However, Hall effect and angle-resolved photoemission spec- 
troscopy measurements,^^ have shown that the Ru substitu- 
tion does not induce electron or hole doping, but does strongly 
modify the electronic structure by increasing both the number 
of carriers and their mobility by reducing correlation effects. 

Summarizing, we have presented a systematic investigation 
of the AFM ordering and structural distortion on the series 
of Ba(Fei„ a; Ru :I ;)2As2 compounds (0 < x < 0.246). Our 
neutron and x-ray diffraction measurements demonstrate that, 
unlike the behavior found for the electron-doped compounds, 
the structural and magnetic transitions remain coincident in 
temperature, as also observed for low Mn doping. Both the 
magnetic and structural transitions are gradually suppressed 
with increased Ru concentration but, in contrast to the case 
for Mn doping where superconductivity is absent, AFM order 



coexists with superconductivity. In the superconducting sam- 
ples, we find a strong competition between superconductivity, 
the AFM ordering and the structural distortion. 
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